The avian FAT domain contains a tyrosine in helix 1 at position 926 (925 in the human and mouse sequences) that is a substrate for phosphorylation by Src. Phosphorylation of Y926 creates a docking site for the SH2 domain of Grb2 (Schlaepfer and Hunter, 1996) tions, we have been able to capture structural details of
Incorporating Protection Factors Hydrogen Exchange Measurements into the Gō Model
The relationships between the hydrogen exchange A thorough derivation of this method is described in the rates, transient unfolding mechanisms, and the strucExperimental Procedures. In brief, the protection factors tural stability of proteins have been previously described obtained from hydrogen exchange experiments can pro-(Bai et al., 1994; Maity et al., 2003) . The exchange rates vide the free energy associated with the stability of the of backbone amide protons are commonly expressed protein at each amino acid residue, provided that the as protection factors, P f ϭ k rc /k ex , where k ex is the experiamide protons are in the EX2 limit (Bai et al., 1994). In mentally measured hydrogen exchange rate and k rc is the Gō model, an attractive potential is assigned to each the intrinsic rate of hydrogen exchange in the unstrucnative contact, the sum of which gives the total energy tured protein. Protection factors can be calculated by of the protein. The free energy difference between the using the method presented by Bai and coworkers (Bai folded and unfolded states of the protein can be deteret al., 1993). In the EX2 limit, usually satisfied when the mined at each amino acid from the sum of the potentials structure of the protein is stable, the protection factor is of the native contacts in which the amino acid residue equivalent to the equilibrium constant for the unfolding participates. A cost function was used to describe the transition that makes the amide hydrogen exchange difference in the free energy values derived from the competent. In this case, the protection factors may be protection factors and the free energy values calculated used to calculate the free energy of the structural openby taking the summation over the potentials of the native ing event:
contacts. A Monte Carlo minimization of the cost function was then used to obtain the set of potentials that ⌬G HX ϭ ϪRT ln P f .
(1) is most consistent with the experimental protection factors. Here, protection factors derived from hydrogen exchange data were used as experimental constraints in discrete molecular dynamics simulations of the FAT doResults main-folding process.
Hydrogen Exchange Protection Factors
The FAT domain construct used in these experiments Simulating Protein Folding Using the Gō Model An atomic resolution simulation of the protein-folding contains 146 residues, including a 12 residue linker at the N terminus (Prutzman et al., 2004) . By subtracting process by using traditional molecular mechanics forcefields is difficult by direct computational approaches the number of prolines from the total number of residues in the expressed FAT domain construct, 138 amide probecause of the vast dimensionality of the protein conformational space (Karplus and Shakhnovich, 1994 Figure 1B ), 48 residues were assigned, and for a sum of pairwise contact energies so that the ground state corresponds to the native state of the protein. In each of these residues, a protection factor was determined. From the remaining 70 residues, 18 residues had the unscaled Gō model, the strengths of interactions among native contacts are equal. Such a simplified hydrogen exchange rates that were fast enough to be observed by using the CLEANEX-PM (Hwang et al., scheme of assigning strengths of interactions may lead to discrepancy between simulation and experiment in 1997, 1998) experiment with HSQC detection ( Figure  1C ). The remaining 52 residues had hydrogen exchange protein-folding dynamics, due to the heterogeneity in contact energies (Khare et al., 2003) . Several schemes rates that were too slow (k ex Յ 6 min Ϫ1 ) to be observed by using the CLEANEX-PM experiment and too fast have been developed to assign the strengths of interactions in order to take the contact energy heterogeneity (k ex Ն 0.1 min Ϫ1 ) to be measured in real-time by using our methods. In Figure 2 , a C ␣ trace of the native-folded FAT domain, with FAT domain folding, which we postulate to be functionally relevant given the correlation with recent data which has been color-coded according to the natural logarithm of the experimental protection factors, is on FAT conformational dynamics and conformation shown. The regions in yellow are the residues whose amide proton can be observed by using the CLEANEX-PM experiment; in these regions, protein structure has little or no effect on the rate of hydrogen exchange. The regions in red correspond to the residues that have amide protons for which protection factors were not determined because the rate of hydrogen exchange is too slow for the CLEANEX-PM experiment and too fast for the real-time experiments. The blue regions correspond to residues associated with amide resonances for which protection factors were determined from the hydrogen exchange rates measured in real-time, with a color gradient indicating the degree of protection. Proline residues and residues containing amide protons that were not assigned were colored black. These results indicate that the most solvent-protected backbone resonances (blue) are located exclusively in the helical regions of the FAT domain, whereas the least-protected regions (yellow) correspond to amide protons in which amide hydrogen exchange is not significantly slowed by the structure of the protein and are concentrated at the terminal ends of the FAT domain.
In the EX2 limit, the most-protected amide protons exchange through a transient global unfolding of the protein and can, therefore, be used to determine the global stability of the protein. In the case of the FAT domain, the most-protected residue (M1046) has a free energy of hydrogen exchange corresponding to 7.08 Ϯ 0.03 kcal/mol (Table 1) protection factors show a strong correlation to the ex- The residues listed are located exclusively within the helical regions of the FAT domain and were used to scale the pairwise contact energies in the DMD simulations. The experimental rates (k ex ) were determined from the decrease in NMR peak intensities in fHSQC spectra over a period of 45.5 hr. The random coil hydrogen exchange rates (k rc ) were calculated by using the method of Bai and coworkers (Bai et al., 1993). The errors propagated in Table 1 represents an accurate incorporation of the experimental protection factors into the DMD simulations.
To test the robustness of our method for scaling contact potentials, calculated protection factors were generated for three other proteins whose hydrogen exchange protection factors are available in the literature; barnase (Perrett et al., 1995) , horse heart cytochrome C (Milne et al., 1998), and ribonuclease H (Chamberlain et al., 1996). Since the protection factors were used solely as adjustable parameters for our scaling model, sults verify that our method for scaling the contact potentials is self-consistent.
Recently, Vendruscolo and coworkers (Vendruscolo et al., 2003) have proposed a phenomenological approach to utilize hydrogen exchange data to bias the sampling in conformational space toward rare fluctuations of native proteins. In contrast, our method is intended to refine the interaction model with HX data so that we can better characterize the energetics underlying the folding process. Using this method, we are able to reconstruct particular ensembles at a given temperature and also characterize the thermodynamics and kinetic parameters of the FAT domain based on the rapid DMD simulation algorithm.
The temperature dependence of the average potential energy, derived from the scaled Gō model simulation of the FAT domain, is shown in Figure 6 . At low temperatures (T ϽϽ 1, where the temperature is in reduced units of ⑀/k B ), the FAT domain exists predominately in its native folded state, whereas at high temperatures (T Ͼ 1), it is present mostly in an unfolded state. The sigmoidal curve shows a large increase of potential energy with the increase of temperature, which indicates strengths according to experimental data, as described below.
